Kinetic studies of the reaction of O-methyl-S-phenylthiocarbonates with benzylamines in methanol at 45.0 o C have been carried out. The reaction proceeds by a stepwise mechanism in which the rate-determining step is the breakdown of the zwitterionic tetrahedral intermediate, T ± , with a hydrogen-bonded four-center type transition state (TS). These mechanistic conclusions are drawn based on (i) the large magnitude of ρ X and ρ Z , (ii) the normal kinetic isotope effects (k H /k D > 1.0) involving deuterated benzylamine nucleophiles, (iii) the positive sign of ρ XY and the larger magnitude of ρ XZ than that for normal S N 2 processes, and lastly (iv) adherence to the reactivity-selectivity principle (RSP) in all cases.
Introduction
Aminolyses of acetate, 1 ester, and acyl compounds have been studied extensively, however, much less is known about the aminolysis of thiophenylcarbonates. In view of the importance of predicting the effects of the acyl group with thiophenyl leaving groups on the mechanism of aminolysis of thiophenyl compounds, we have used several different acyl group with thiophenyl leaving groups in our studies of the aminolysis mechanism. 2, 3 In a previous work, we have studied the kinetics of the aminolysis of thiophenyl dimethylacetates and trimethylacetates. 2 We have found that the nucleophilic reaction of thiophenyl dimethylacetates and trimethylacetates in acetonitrile poroceeds by rate-limiting breakdown of a tetrahedral intermediate, T ± , with a hydrogen-bonded, four-center transition state. 2 The signs of crossinteraction constants, ρ ij in eq. (1), where i and j are the substituents on the nucleophile (X), the substrate (Y) or the leaving group (Z), are opposite (ρ XY > 0 and ρ YZ < 0) 1, 4 to those for normal S N 2 processes or for acyl transfers with rate-limiting formation of the tetrahedral intermediate, T ± (ρ XY < 0 and ρ YZ > 0). 5 The deuterium kinetic isotope effects involving deuterated nucleophiles are normal,
In this work, we investigated the kinetics and mechanism of the aminolysis of O-methyl-S-phenylthiocarbonates with benzylamines in methanol at 45.0 o C, eq. (2). The objective of the present work is to elucidate the mechanism by determining β X (β nuc ), β Z (β 1g ), cross-interaction constant β XZ , eq. (1) 
Results and Discussion
The reactions were observed as first-order kobs in both benzylamine, [N] , and substrates, [S] , as shown in eqs. (3) and (4), under the experimental conditions. Plots of kobs against benzylamine concentration were linear accordance with eq. (4), where ko and kN are the rate coefficients for solvolysis and aminolysis, Rate = kobs [S] (3) The cross-interaction constants ρ XZ obtained are positive and is similar to that (0.53) for the reaction of Z-phenyl dithiobezoates with X-anilines in acetonitrile which is known to proceed by rate-limiting break-down of a zwitterionic tetrahedral intermediate, T ± . 10 The positive ρ XZ and the larger magnitude of ρ XZ than that for normal S N 2 processes and adherence to reactivity-selectivity principle (RSP) ( Table 1 ) also support our proposed mechanism.
Secondary kinetic isotope effects involving deuterated benzylamine nucleophiles are summarized in Table 3 . Benzylamines have two mobile protons so that in a general base-catalyzed nucleophilic attack in S N 2 type concerted processes one of the mobile hydrogens on the N atom will cause an inverse isotope effect due to steric hindrance to N-H bending vibration. 2 Thus, in such cases, the kH/kD values are either less than unity (inverse effect) or marginally greater than unity (normal effect) due to cancellation of the primary kinetic effect of deprotonation process. 2 The kH/kD values observed in Table 3 is all greater than 1.0. It means that deprotonation will cause a decrease in the N-H vibration frequencies and kH/kD values will be grater than 1.0. Thus, the normal kH/kD values (k H /k D >1.0) alone do not allow us to predict the correct mechanism. Previously we have noted that the kH/kD values are close to 1.0 in the rate-limiting breakdown of T ± . 10 The kH/kD values in Table 3 are somewhat larger than those for such a mechanism. This can be rationalized by a cyclic four-center TS of types shown as I and II, respectively, for stepwise and concerted mechanism. In such four-center cyclic proton transfer, leaving group departure is facilitated in addition to charge dispersion. The assistance to bond cleavage of the leaving group is especially (5) , for the reactions of O-Methyl-S-Arylthiocarbonates with X-benzylamines in MeOH at 45 
important in protic solvents since the solvent cannot stabilize the TS by hydrogen bonding. It is difficult to choose one from two cyclic TS, but the favor I rather than II because of the larger magnitude of ρ XZ than that for normal S N 2 processes and electron donating OCH 3 group.
Activation parameters for the reaction of O-methyl-S-
phenylthiocarbonates with benzylamines are shown in Table  2 . The values of ∆H ≠ and ∆S ≠ were obtanied from the slope and intercept, respectively, of Eyring plots, by least-squares analysis. Although the relatively low positive ∆H ≠ and large negative ∆S ≠ values are in line with the stepwise mechanism, 7 they can also be interpreted as supportive of a concerted mechanism.
In summary, the reaction of O-methyl-S-phenylthiocarbonates with benzylamines in methanol proceed by a steowise mechanism in which the rate-determining step is breakdown of the zwitterionic tetrahedral intermediate with a hydrogen bonded four-center type TS.
These mechanistic conclusions are drawn based on (i) the large magnitude of ρ X and ρ Z , (ii) the normal kinetic isotope effects (k H /k D > 1.0) involving deuterated benzylamine nucleophiles, (iii) a small positive enthalpy of activation, ∆H ≠ , and a large negative entropy of activation, ∆S ≠ , (iv) the positive sign of ρ XZ and the larger magnitude of ρ XZ than that for normal S N 2 processes, and lastly (v) adherence to the RSP in all cases.
Experimental Section
Materials. Merck GR acetonitrile was used after three distillations. The benzylamine nucleophiles, Aldrich GR, were used without further purification. The GR grade of thiophenols and methyl chloroformate were purchased from Tokyo Kasei. 11 with large excess of benzylamine. Second-order rate constants, kN, were obtained from the slope of a plot of kobs vs. benzylamine with more than five concentrations of more than two runs and were reproducible to within ± 3%. to within 3%.
Preparations of O-Methyl S-Aryl
Product Analysis. Substrate (0.05 mole) and benzylamine (0.5 mole) were added to acetonitrile and reacted 45.0 o C under the same condition as the kinetic measurements. After more than 15 half lives, solvent was removed under reduced pressure and product was separated by column chromatography (silica gel, 10% ethylacetate-n-hexane). A representative product analysis for p-OCH3 (nucleophile) is given as follows. 
